Introduction
Although it has a wide variety of industrial uses, chromium is highly toxic and hazardous to humans. Transmitted to the environment via effluents produced in processes such as textile dyeing, mining, photography, and steel fabrication, 1−4 chromium in the aqueous phase can occur in several oxidation forms. However, only the Cr(III) and Cr(VI) states are environmentally significant. 5 Chromium(III) provides essential micronutrients to various organisms, while chromium(VI) has extremely toxic and carcinogenic influences on biological systems due to the strongly oxidizing biological anions Cr 2 O
2− 7
and HCr 2 O − 7 . 6−8 Therefore, developing a method that uses low-cost materials to remove oxidized forms of Cr(VI) from contaminated wastewater is essential.
One recent challenge has been to develop receptors that selectively respond to the removal of toxic as well as carcinogenic ions, like Cr(VI), from contaminated water resources. 9−12 Among these receptors, calixarenes, 4, 8 which are produced by a condensation reaction of phenol and formaldehyde, have been successfully employed as receptors for the extraction of dichromate anions from aqueous solutions. 13−17 Because of their unique structure, which provides host-guest complexability and unlimited functionalization properties, calixarenes 13, 16 have been found to be magnificent supramolecular compounds.
18−20
Although calixarene derivatives have been used as receptors for the removal of toxic ions such as dichromate anions, they have led to a separation concern arising from the final step of the extraction. Moreover, some calixarene derivatives might be soluble in the aqueous phase, which is when the wastewater is contaminated.
To address these disadvantages, calixarene-grafted magnetic nanoparticles 4, 16 have recently been developed so that calixarene derivatives may acquire magnetic properties that prevent their solubility in water.
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In our previous study, a disubstituted calixarene derivative containing pyridinium units was synthesized and grafted onto Fe 3 O 4 nanoparticles to use as receptor for the extraction of dichromate anions (see Figure 1 ).
The magnetic nanoparticles-grafted calix [4] arenes were found to be effective ligands with maximum extraction capabilities of 69% (for MN-Py-1) and 53% (for MN-Py-2) at pH 3.5 with respect to their convenient complexability with dichromate anions. In the present study, we aimed to prepare new calixarene-grafted magnetic nanoparticles that would be used as potential receptors for the removal of toxic dichromate anions from aqueous solutions. For this purpose, the bis(nitropyridine)-substituted calix[4]arene 3 was synthesized and then immobilized onto silicacoated magnetic nanoparticles to easily form complexes with dichromate anions by means of electrostatic interactions and hydrogen bonding.
Results and discussion

Synthesis and characterizations of new receptors
The objective of this study was to synthesize bis(nitropyridine)-substituted calix [4] arene 3 and its magnetic nanoparticles (MN-DiNoPy-Calix). Moreover, their extraction attractions towards dichromate ions were evaluated for the first time. To achieve this goal, p-tert-butylcalix [4] arene 1 and its diester derivative 2 were synthesized according to procedures outlined previously. 24, 25 The substitution of the diester derivative 2 at the lower rim was conducted with 2-(2-aminoethylamino)- Transmission electron microscopy (TEM) analysis of pure Fe 3 O 4 nanoparticles ( Figure 5a ) and MNDiNoPy-Calix (Figure 5b ) was used, respectively, to obtain more direct information about particle size and morphology ( Figure 5 ). As seen in the micrographs, MN-DiNoPy-Calix has a distinctly different morphology 
Dichromate anion extraction studies
It is well known that dichromate anions (
provide good potential interactions with host molecules, which have proton-switchable binding lobes and/or can form hydrogen-bonding sites. 16, 27 An initial study of the extraction was carried out by liquid-liquid extraction of Na 2 Cr 2 O 7 from an aqueous solution at a range of pH 1.5-4.5 in the presence of receptor 3. However, the binding affinity of receptor 3 was not investigated because of the solubility of receptor 3 in water in the range of pH 1.5-4.5. In order to prevent water solubility of receptor 3 and to acquire magnetic properties that enable easy separation of the receptor, the bis(nitropyridine)-substituted calix [4] arene 3 was grafted onto epoxy-silica-coated magnetic nanoparticles. The resulting MN-DiNoPy-Calix was tested as receptor 4 for the extraction of the dichromate anion from an aqueous solution by means of solid-liquid extraction at a range of pH 1.5-4.5.
The extraction results of receptor 4 (MN-DiNoPy-Calix) are summarized in Figure 6 . It was found that receptor 4 was an effective host for the removal of dichromate anions. Because of the more rigid structural features and the proton-switchable capability of the pyridine units of MN-DiNoPy-Calix, dichromate anion extraction from an aqueous solution was achieved ( Figure 6 ). Indeed, the highest extraction capacity by receptor 4 was observed in acidic nature, which confirmed that receptor 4 was protonated. These protonated units played an important role in forming complexes with HCr 2 O − 7 by electrostatic interactions and hydrogen bonding. 
Experimental
General remarks
An Ez-Melt apparatus in a sealed capillary was used to determine all melting points of the synthesized compounds. NMR spectra were recorded on a Varian 400 MHz spectrometer, indicating chemical shifts as ppm relative to an internal standard tetramethylsilane (δ = 0.0). FT-IR spectra were recorded with a PerkinElmer 100 spectrometer. A Shimadzu 160A UV-vis apparatus was used to analyze absorbance of Cr 6+ in aqueous solutions. For the pH measurements, an Orion 410A+ pH meter was used. Elemental analyses were performed on a Leco CHNS-932 analyzer.
Synthesis
Compounds 1 and 2 24, 25 and Fe 
Extraction experiments
Extraction studies were carried out using an aqueous solution of Na were measured at 346 nm as described previously. 4, 13, 27 The pHs of the dichromate solutions were adjusted by using diluted HCl and KOH solution at 25
• C, and the percent extraction (E%) was calculated 27 according to Eq. (1).
where A 0 and A are the initial and final concentrations of the dichromate anion before and after the extraction, respectively.
Conclusion
A new bis(nitropyridine)-substituted calix [4] arene 3 was synthesized and grafted onto the surface of epoxysilica-coated magnetic nanoparticles to create more rigid structural features and to prevent water solubility of the bis(nitropyridine)-substituted calix [4] arene 3. In addition, the extraction capability of new calixareneadorned magnetic nanoparticles, MN-DiNoPy-Calix (4), was investigated with regard to dichromate anions.
In our previous studies we observed that the magnetic nanoparticles-grafted calix [4] arenes were selectively functionalized with amino pyridine units (see Figure 1) , and extracted dichromate anion in maximum extraction capabilities at 69% (for MN-Py-1) and 53% (for MN-Py-2) at pH 3.5. 23 However, when using MN-DiNoPyCalix (4) as an extractant, the maximum percentage of dichromate removal reached 54% at pH 1.5. These findings clearly illustrate that the calixarene-adorned magnetic nanoparticles, which bear amino pyridine units, have an affinity towards dichromate anions. The binding abilities of MN-DiNoPy-Calix with dichromate clearly depend on the rigid structural properties, proton-switchability, and hydrogen-binding ability. In addition, allowing calixarene compounds to acquire magnetic properties would bring new insight into the removal of toxic and hazardous materials from water because they can be easily separated by using an external magnet.
